The use of an alexandrite laser for laser-induced fluorescence (LIF) spectroscopy and imaging of molecular oxygen in thermally excited vibrational states is demonstrated. The laser radiation after the third harmonic generation was used to excite the B-X (0-7) band at 257 nm in the Schumann-Runge system of oxygen. LIF emission was detected between 270 and 380 nm, revealing distinct bands of the transitions from B(0) to highly excited vibrational states in the electronic ground state, X (v . 7). At higher spectral resolution, these bands reveal the common P-and R-branch line splitting. Eventually, the proposed LIF approach was used for single-shot imaging of the two-dimensional distribution of hot oxygen molecules in flames.
INTRODUCTION
Molecular oxygen is important in many areas, including the life sciences and the energy sector. Hot oxygen, i.e., oxygen in excited vibrational and electronic states, is of particular interest, for instance, in plasma physics, 1 where it is generated when oxygen atoms recombine or an oxygen molecule collides with an electron, 2 in atmospheric chemistry, 3 where photolysis of ozone by ultraviolet (UV) radiation is a common mechanism to form excited oxygen in the stratosphere and mesosphere; 4 and in combustion technology, where excited oxygen molecules are used in plasma-assisted flames 5 and residual oxygen in the hot exhaust gas is a key parameter in judging the performance of a combustor. 6 This work is concerned with the latter area. In most technical combustors (cold) oxygen from air is the oxidizer reacting with the fuel to form products such as carbon dioxide and water. However, traces of hot oxygen are present even in the exhaust gas of fuel-rich combustion processes owing to the chemical reaction equilibrium. To study the chemistry in flames and to unravel the complex chemical mechanisms and equilibriums, sensitive detection of small amounts of highly excited oxygen is desirable.
Most existing techniques for detection of molecular oxygen either use indirect approaches, for example, the fluorescence of a tracer influenced by the presence of oxygen, 7 or they are based on vibrational ground or low-lying excited states of oxygen, hence the signal is always dominated by cold oxygen due to the higher population. In this context, the available methods include laser-induced fluorescence (LIF) using excitation at 193 or 226 nm; [8] [9] [10] [11] [12] [13] vibrational and pure-rotational coherent anti-Stokes Raman scattering (CARS) spectroscopy; [14] [15] [16] [17] and spontaneous Raman scattering. [18] [19] [20] [21] [22] Assuming thermal equilibrium, it is possible to determine the population of excited oxygen from a combined measurement of the ground state population and the temperature. However, this assumption can hardly be justified in the vicinity of the reaction zone in a flame where the complex chemistry produces nonequilibrium species such as radicals in electronically excited states. Therefore, a direct measurement of the species of interest is desirable.
For detecting traces of hot molecular oxygen in a combustion gas, LIF using selective electronic excitation of vibrationally excited molecules in the electronic ground state has proved its potential. The well-known B 3 R À u X 3 R À g Schumann-Runge system exhibits strong absorption and emission bands in the UV and deep-UV spectrum. 23, 24 Again, radiation at wavelengths around 193 or 226 nm can be used for this purpose. 8, 13, 25, 26 The most common approach, however, is to excite the B-X (0-5), (1-6), or (2-7) bands around 248 nm and to detect fluorescence signals between 270 and 400 nm. [27] [28] [29] The major benefit of excitation at 248 nm is that conventional krypton fluoride excimer lasers can be used. They can provide high-energy pulses sufficiently short to resolve turbulent phenomena in flames. However, the beam profile characteristics and the limited tuning range may be disadvantageous in certain applications: The beam profile may prevent a sufficiently thin laser sheet to be formed, leading to limited spatial resolution, and the limited tuning range may prevent maximizing the signal and minimizing interferences. Alternatively, dye lasers can be used for O 2 -LIF. To reach the wavelengths required, one can use either coumarin dyes pumped by UV lasers such as excimer lasers or third harmonic neodymium-doped yttrium aluminum garnet lasers (lasers delivering radiation of suitable wavelength after second harmonic generation or other types of frequency mixing). 30 Unfortunately, coumarin dyes are relatively unstable and toxic, and the frequency-conversion may be difficult due to inhomogeneous beam profiles and low pulse energy. Therefore, exhibiting high pulse energy and a close-to-Gaussian beam profile, the direct use of the radiation of a pulsed solid state laser would be advantageous. Moreover, in certain flames, a slightly longer wavelength (compared with the conventional 248 nm) may be advantageous because lower photon energy means a lower probability of photodissociation of molecular species. This may influence the local flame chemistry, or it may generate species that can potentially emit interfering fluorescence signals. An example of such interference from photodissociated molecules was recently investigated for planar laser-induced fluorescence (PLIF) of the formyl radical. 31 Tuneable over a wide spectral range, alexandrite lasers have great potential in the area of laser diagnostics. [32] [33] [34] In particular, we have demonstrated the feasibility of using multimode alexandrite lasers for LIF applications, e.g., to visualize methylidyne (CH) and HCO radicals. [35] [36] [37] [38] A key feature of using multimode radiation can be the simultaneous excitation of several rotational transitions, hence improving the signal-tonoise ratio (S/N). 37 However, care must be taken when the wavelength is selected as the spectral bandwidth may lead to excitation of unwanted species, resulting in spectral interferences. 31, 39 In contrast, in single-longitudinal-mode operation, alexandrite lasers allow individual rotational transitions to be excited, hence obtaining high-resolution spectra as well as avoiding spectral interferences from other species exhibiting absorption lines in the vicinity of the species of interest. 33, 40 Herein, the multimode option is used. Another beneficial characteristic of the alexandrite laser is its long pulse duration (70-120 ns) compared with conventional pulsed (Q-switched) lasers (a few nanoseconds). In a LIF application, this allows each molecule to contribute to the signal several times as the typical lifetimes in the excited state are on the order of a few nanoseconds so that an individual molecule can be excited and fluoresce repeatedly during a single pulse. In the case of oxygen, the relaxation times may significantly vary with the vibrational states involved and the local collisional partners. 41, 42 This needs to be taken into account should quantitative measurements be the aim. In our application, where highly excited vibrational states of oxygen are involved in the LIF process, the signal enhancement via cycling during a single laser pulse is rather limited as vibrational energy transfer between these states can be on the order of microseconds or even longer. 43, 44 In this work, we demonstrate the use of a pulsed alexandrite laser for laser-induced fluorescence of vibrationally excited molecular oxygen. Moreover, this study represents the first attempt of using excitation in the (0-7) Schumann-Runge band at 257 nm for oxygen LIF detection. Spectrally resolved LIF measurements were carried out to understand and confirm the origin of the signals, and the developed method was then applied to visualizing the two-dimensional distribution of hot oxygen in two different flames using single-shot PLIF.
EXPERIMENTAL
A pulsed, tunable, and multimode alexandrite laser (model 101PAL, Light Age Inc.) was used as the light source for the LIF experiments. In contrast to previous work 33, [35] [36] [37] where a ring-cavity alexandrite laser was used, the present system has a linear cavity that is easier to operate and hence simplifies the experiment. The laser is tunable from 720 to 785 nm, delivering nearly constant pulse energy of 250 mJ. The fundamental output was frequency tripled through second and third harmonic generation in b-barium borate crystals, delivering radiation at around 257 nm ($2.25 cm À1 line width, $70 ns pulse duration, $14 mJ pulse energy) for oxygen excitation. The third harmonic radiation was separated through a Pellin-Broca prism and guided through some optical components to the center of a burner. The laser wavelength was monitored by directing part of the fundamental beam to a wavemeter (WS/6-200, High-Finesse).
Two types of experiment were carried out. To ensure that oxygen molecules were detected exclusively, the laser-induced emission was spectroscopically analyzed along a one-dimensional (1D) line perpendicularly across the reaction zone of a laminar flame using an imaging spectrograph (focal length 500 mm, grating 150 grooves/mm, slit width 50 lm) equipped with an intensified charge-coupled device (CCD) camera. In the spectroscopic measurements, a 200 mm cylindrical lens was used to form a 3 mm high laser sheet passing the flame center axis 3 mm above the burner exit. The laserinduced emission was collected in a direction perpendicular to the laser beam using a 100 mm lens with a diameter of 5.08 cm (2 in.). A color glass filter (Schott WG280, 3 mm thick) was mounted in front of the slit to block elastically scattered laser light. The spectra were averaged over 3000 shots and had a spectral resolution of $2.5 nm. The second experiment aimed at visualizing the two-dimensional distribution of hot molecular oxygen in flames. For this purpose, a 30 mm high and 100 lm thick laser sheet was formed using two cylindrical lenses of À40 and 200 mm focal length. The LIF signal generated in the laser sheet was imaged using an intensified CCD camera (1024 3 1024 pixels of 12.8 lm) equipped with a UV objective. A combination of two color glass filters (UG5 and WG295, 3 mm thick each) was used to block elastically scattered light and other spectral interferences.
Measurements were performed in methane/oxygen flames stabilized on a welding torch burner with a nozzle diameter of 1.8 mm. A lean flame (equivalence ratio u = 0.9) and a rich flame (u = 1.47) were established with total flow rates of 5.13 and 7.18 liters/ min, respectively (Reynolds numbers 3690 and 5100).
To support the spectroscopic investigations, spectral simulations were carried out using the LIFSim software. 45 LIFSim is a software tool that allows oxygen B-X absorption and LIF spectra (excitation and emission) to be simulated. LIF signals are calculated using a threelevel non-transient linear model. 45 
RESULTS AND DISCUSSION
Spectroscopy. To find a suitable excitation wavelength, the spectrum between 256 and 260 nm was considered, and test measurements revealed that the region around 257 nm is best suited. Figure 1 displays a simulated absorption spectrum of oxygen. The simulation reveals several absorption features within the 1 nm spectral range around 257 nm. A wavelength of 256.972 nm was identified as the best compromise for obtaining a sufficient S/N from oxygen LIF and simultaneously minimizing interference from other species. For example, formyl (HCO) and hydroxyl (OH) radicals, as well as polycyclic aromatic hydrocarbons (PAHs), exhibit absorption lines in this spectral region, too (further emission spectra recorded with varied excitation wavelengths can be found together with a detailed discussion of potential interferences in Zhou et al. 31 ). The chosen wavelength of 256.972 nm means excitation in an absorption band where the R 1 (9), R 2 (9), P 1 (35) , and P 2 (35) lines overlap. The individual lines can be observed in the high-resolution spectrum displayed. However, it should be noted that the optimal wavelength determined in our experiment does not coincide with a peak maximum in the simulated spectrum. This may indicate that the available spectroscopic constants of the highly excited vibrational states involved in our LIF approach are not perfectly accurate.
The spectrally resolved laser-induced emission recorded along a 1D line in the lean methane/oxygen flame is displayed in Fig. 2 . The radial position at 0 mm represents the center axis of the burner, where only weak signals can be found (we note that these signals mainly originate from O 2 -LIF and appear in the image due to the slightly unsteady behavior of the flame and the averaging when the data were collected). The spectra extracted at the radial positions indicated by the dashed lines are plotted in the Fig. 2 as well. At the 2 mm radial position, a regular pattern of emission lines can be observed. At larger distances from the center, i.e., radial positions .4 mm, a weak Raman signal of nitrogen can be identified as well as a strong line at $388 nm. The latter line can be attributed to straylight of the second harmonic laser radiation, which could not be fully separated from the third harmonic by the Pellin-Broca prism.
The experimental LIF emission spectrum from Figure 3b shows the simulated emission spectrum together with the filter transmission curve. It becomes clear that the strongest lines in the emission spectrum appear in the short wavelength region, but they are reduced in intensity by the filter. A convolution of the simulated spectrum and the filter transmission function is shown as red dashed line in Fig. 3b . It agrees well with the experimental spectrum in the corresponding spectral range.
The individual peaks can be assigned to different Schumann-Runge bands of oxygen. Excitation was predominantly made in the B-X (0-7) band. This means that fluorescence emission predominantly takes place originating from the B(0) state. A couple of weak and slightly shifted bands appear as a result of fluorescence from B(1) and B(2) states after excitation of a small amount of molecules in B-X (1-8) and (2-9) bands. The simulated spectrum indicates that the peaks in the experimental spectrum represent overlapping signals from multiple rotational transitions. To confirm the fine structure, the 150 grooves/mm grating in the spectrograph was replaced by a 1200 grooves/mm grating to obtain higher spectral resolution. The inset in Fig. 3a plots the high-resolution emission spectrum between 310 and 330 nm, revealing the splitting into doublets of P-and R-branch lines.
The inset in Fig. 3b shows the dependence of the LIF signal on the temperature calculated from the thermal population of the initial X(7) state according to the Boltzmann distribution. Significant (detectable) LIF signals can be observed at temperatures above 1500 K, and the signal intensity increases by approximately two orders of magnitude between 1500 and 3000 K. This increase must be taken into account when aiming at quantitative measurements.
It was noted above that a variety of other flame species have absorption bands around 260 nm. The main candidates are OH, HCO, PAH, and formaldehyde. The latter can be photodissociated to form HCO. A detailed investigation of potential interferences that may result from selection of an inappropriate excitation wavelength can be found in Zhou et al., 31 where the relevant spectral region was analyzed in the context of HCO PLIF. From the emission spectra analyzed in Fig. 2 , we can conclude that a careful selection of the excitation wavelength and the use of appropriate spectral filters allow speciesspecific laser-induced fluorescence experiments to be carried out in lean premixed flames. However, in rich flames a large variety of additional species, e.g., PAHs, may be present, capable of absorbing the UV laser radiation and thus representing a potential means of interference. To investigate the possibility of performing hot oxygen-LIF in rich flames, experiments were carried out in a u = 1.47 methane/oxygen flame. Figure 4 shows the spectrally resolved laser-induced emission recorded along a 1D line in the rich flame using a laser wavelength of 256.972 nm, a wavelength that was found optimal for O 2 -LIF. Due to the slightly unsteady flame and the time averaging, the center region contains significant signals from the flame front species. The spectrum extracted close to the center represents the flame front and reveals distinct peaks of hot oxygen, similar to the lean flame case. However, the oxygen peaks are now on top of a broad underlying fluorescence background originating predominantly from PAH. The strength of this PAH interference is in the same order of magnitude as the O 2 -LIF signal. The rich flame chemistry is also evident in the enhanced CH signal at 430 nm that was not observable in the lean flame at this excitation wavelength. At the set wavelength, the second harmonic radiation is capable of exciting CH radicals at 385.458 nm where it can be absorbed by R-branch transitions in the hot CH A-X(2,1) band. At the 2 mm radial position, the oxygen signals dominate and the broad background is significantly reduced. As the flame is rich, these oxygen signals are due to the residual molecular oxygen not consumed in the flame front because of the chemical equilibrium. Further downstream, surrounding air is penetrating the flame and heated up in the secondary reaction zone; hence, the signal intensity is enhanced. PAH interferences are not observed at this position; however, two minor broadband emission features at 283 and 308 nm from OH radicals are present. Their contribution to the integrated amount of signal is small. At the 7.5 mm distance from the center axis, the Raman signals of the laboratory air molecules can be identified.
From the data illustrated in Fig. 4 , we conclude that our O 2 -LIF approach can in principle be applied to rich flames; however, care must be taken when the signals are interpreted as unspecific interferences from PAH overlap with the oxygen fluorescence. This is particularly the case in the primary reaction zone where a PAH contribution of about 50% (this value may vary significantly with stoichiometry) to the overall signal is found. Neither changing the wavelength nor spectral filtering allows this background to be suppressed.
In the following section, the developed method for LIF detection of hot molecular oxygen is used for visualizing the two-dimensional distribution of O 2 in flames.
Imaging. Figure 5 illustrates a series of five singleshot PLIF images recorded in the lean premixed methane/oxygen flame. Typical values of the S/N are in the order of 20-30. The flame was laminar; thus, only small differences between the individual images can be observed. In the center of the images, a cone without signal is visible directly above the burner nozzle exit. In this cone, the fresh unburned methane/oxygen mixture is present. Despite the high oxygen concentration, no LIF signals can be found as virtually no molecules occupy the v = 7 state at ambient temperature according to the Boltzmann distribution. In the reaction zone, the temperature increases (the adiabatic temperature of a u = 0.9 methane/oxygen flame is $3040 K), and hot oxygen molecules can be found in the flame front and a wide region of the post-combustion gas due to the excess oxygen. Note that the signal inhomogeneities with height above burner are mainly due to inhomogeneities in the laser sheet rather than to changes in the oxygen concentration or temperature. Between 5 and 20 mm height, the profile was close to a Gaussian distribution in vertical direction. The wings of the laser sheet, i.e., below 5 and above 20 mm, exhibit further inhomogeneities. Figure 6 displays a series of five single-shot PLIF images recorded in the rich premixed methane/oxygen flame. Owing to the higher flow velocity and lower flame speed, the flame is not as stable as the flame discussed above and, as a consequence, the single-shot images reveal slightly wrinkled flame structures. Again a cone of cold, fresh gas can be identified at the nozzle exit of the welding torch. Strong signals can be observed in the primary flame front where the temperature increases due to the combustion process (the adiabatic temperature of a u = 1.47 methane/oxygen flame is $2990 K). Part of the oxygen supplied is heated before it is consumed. Hence, a thin layer is visible in the PLIF images. We note that a fraction of the signal in the order of 50% in this layer may be originating from PAH molecules. Downstream of the primary flame front, a very weak signal can be found. Although the methane/oxygen mixture is rich, a small amount of oxygen is present in this post-reaction gas owing to the chemical equilibrium. Further downstream, i.e., when oxygen from the surrounding air enters the flame via diffusion and is heated up, the signal intensity increases again, forming a secondary reaction zone where the remaining hydrocarbon molecules and other intermediates such as carbon monoxide and hydrogen are oxidized.
To confirm the presence and the qualitative profile of hot O 2 in the rich flame, a 1D simulation of the combustion chemistry across the initial reaction zone was carried out using CHEMKIN with the 1D freepropagation model and the GRI 3.0 mechanism. 46 The temperature profile, the overall oxygen mole fraction, and the resulting mole fraction of oxygen in the v = 7 state are plotted in Fig. 7 , together with an experimental profile of the LIF signal recorded in the flame. The experimental data are extracted from the PLIF image in Fig. 6e (the exact position is indicated by the white line). The temperature at 0 mm radial position is room temperature and then quickly raises to beyond 3000 K in the reaction zone before it slightly decreases again and settles around 3000 K. The calculated oxygen mole fractions are plotted on a logarithmic scale to better visualize the features. The overall oxygen concentration is high in the premixed gas and rapidly decreases in the flame front as the temperature goes up. However, the oxygen is not fully consumed, and its mole fraction settles around 0.01. Using the Boltzmann distribution, the mole fraction of oxygen molecules occupying the v = 7 vibrational state is calculated from the total oxygen and the temperature. At room temperature, virtually no oxygen is in the v = 7 state. As the temperature increases, a significant amount of vibrationally excited oxygen is present, peaking in the reaction zone before it settles at a constant level around 10 À5 . Despite significant noise in the experimental data, the behavior predicted in the simulation is in excellent agreement with the qualitative experimental O 2 profile that is also plotted on a logarithmic scale to allow a comparison. The contribution or interference from large hydrocarbons, which was identified in the spectrally resolved data, seems to have a minor impact on the qualitative distribution of hot oxygen but needs to be kept in mind when interpreting the results.
SUMMARY AND CONCLUSIONS
Herein, we have demonstrated the use of a pulsed multimode alexandrite laser for spectroscopy and imaging of hot molecular oxygen in flame environments. The laser output was frequency tripled to provide tuneable radiation at 257 nm suitable for excitation in the (0,7) band of the B 3 R À u X 3 R À g Schumann-Runge system. Spectrally resolved measurements revealed that the signals originate from transitions between the B(0) state and highly excited vibrational levels in the electronic ground state. High-resolution spectra showed the typical line splitting of the oxygen P-and R-branch lines. The developed excitation-detection approach was then used in planar LIF imaging experiments for visualizing the distribution of hot oxygen in lean and rich methane/oxygen flames. An opportunity for improvement in future work will be to replace the longpass filter for suppression of elastically scattered light by a band-stop filter (e.g., notch). This will allow detecting not only fluorescence signals of B-X(0, v . 7) bands but also of B-X(0, v , 7) transitions, which are often stronger due to being less off-diagonal.
In conclusion, our method represents a straightforward approach for imaging hot molecular oxygen in flames. Owing to the high initial vibrational state, the signal originates exclusively from high temperature (.1500 K) oxygen, and signals from cold regions of the flame are not detected at all. However, a disadvantage arising from this point is that because of the small fraction of molecules occupying the X(7) state according to the Boltzmann distribution, the total concentration of oxygen needs to be in the order of 1%. This limits the applicability to high-temperature flames, e.g., when hydrogen is combusted or hydrocarbons are converted with oxygen rather than air. To get an idea for the flame types and conditions under which the PLIF method can be used, Fig. 8 displays adiabatic flame temperatures and post-combustion molar oxygen concentrations as a function of stoichiometric ratio for methane/air, methane/oxygen, and hydrogen/air flames. The data were calculated from a free Gibbs energy minimization for constant pressure combustion taking into account 24 chemical species (reactants, products, and intermediates) for the methane flames and seven species for the hydrogen case. The initial temperature was set 300 K and the pressure was 1 atm. It becomes clear that the required flame temperature is reached in all flames for the stoichiometries considered, i.e., 0.5 , u , 2.0. Regarding the required oxygen concentration, however, the range 0.5 , u , 1.0 for the air-fed methane and hydrogen flames and the range 0.5 , u , 1.5 for methane/oxygen flames is feasible.
Capable of single-shot imaging, the hot-O 2 PLIF will be of particular interest for studying turbulent lean and stoichiometric premixed flames that are relevant, e.g., in the development of gas turbine burners. In rich flames, care must be taken as interference from PAHs may occur and bias the interpretation of the data. The relatively wide tunability of the alexandrite laser we used may also facilitate O 2 -based temperature field measurements by two-line LIF in the future. However, care must be taken when suitable lines are selected to avoid interference from other species.
